Synthesis of ovalbumin mRNA is induced and maintained in the avian oviduct by estrogen. When estrogen is rapidly removed from circulation, there is a general involution of the oviduct and an unusually rapid decay of ovalbumin mRNA activity. The kinetics of ovalbumin mRNA decay were not first order; instead, the rate of degradation increased about 10-fold over a 20-hr period after removal of estrogen. These results are in contrast with first-order decay kinetics observed for ovalbumin mRNA in estrogen-stimulated chicks (tl/, = about 24 hr) and in cell-free extracts. The degradative response triggered by hormonal withdrawal becomes more rapid between 1 and 4 days of estrogen-stimulated growth. We conclude that in the process of inducing egg-white protein synthesis, estrogen produces a cellular environment in which the egg-white protein mRNAs are relatively stable; removal of estrogen initiates cellular catabolism in a manner that is not understood.
Induction of egg-white protein synthesis in the magnum portion of the avian oviduct is controlled by steroid hormones; estrogen plays the primary role, but its action is modified by progesterone and testosterone (1) . One hypothesis is that estrogen, in combination with its receptor, induces the synthesis of the egg-white proteins by modulating the rate at which specific messengers appear in the cytoplasm by effects on their transcription, maturation, or transport (1) (2) (3) . Estrogen also has pronounced pleiotropic effects that prepare the oviduct for extensive protein synthesis (1, 2) .
During hormonal induction, the maintenance of specific "luxury" protein synthesis depends on the continuous presence of the inducer, a feature that may distinguish hormonal induction from embryonic induction (4) . When hormones are removed from circulation, there is frequently a general involution of the target tissue, resulting in gross biochemical and morphological changes. This pattern is observed in the oviduct and crop sac of birds, and in the mammary gland, uterus, prostate, and other accessory sex organs of mammals (5) (6) (7) (8) . The regression of mammary tumors is also initiated by hormonal withdrawal (9) . In other cases, tissue destruction is induced by hormones, e.g., the thyroxine-induced degeneration of the tail during amphibian metamorphosis (10) ; or programmed by hormones, as in the ecdysone-mediated degeneration of insect muscles (11) . These phenomena resemble cell death such as occurs during embryogenesis (12) . The molecular mechanisms involved in the onset of tissue remodeling are unknown, although the lysosomal hypothesis (13) has received most attention. Understanding the degradation of specific proteins and their messengers may help resolve the mechanism(s) by which "luxury" proteins are induced.
In this paper we have concentrated on the loss of egg-white protein synthesis after withdrawal of estrogen. Two techniques were devised to effect a more rapid removal of steroids from circulation than in previous studies (14) . Their use revealed that the loss of ovalbumin (OV) mRNA activity during acute withdrawal was substantially faster than predicted from the steady-state half-life of OV mRNA during estrogen stimulation, suggesting that estrogen not only induces the synthesis of egg-white protein mRNAs but also provides an environment in which they are much more stable.
METHODS
Chicks,Injections, and Acute Withdrawal. One-week-old, female, White Leghorn chicks were given 10 days of primary stimulation with estradiol benzoate as described (14) , and then withdrawal from hormonal stimulation for 2-4 weeks before secondary stimulation was commenced. Chicks were given secondary stimulation by injecting estradiol benzoate (Sigma) into the right wing muscle (1 mg in 0.1 ml of arachis oil per day), or by implanting hexestrol pellets (15 mg ; "Caponets," Evans Medical Ltd., Liverpool, England) subcutaneously on the back of the neck. Both treatments produced effects on magnum growth and OV induction that were indistinguishable from previous procedures (14) . Acute withdrawal was effected either by applying a tourniquet to the upper wing [several turns of a 1/4 X 1-inch (0.65 X 2.54-cm) rubber band], or by removing the implanted pellet.
Measurement of the Rate of Protein Synthesis In Vitro. Pieces of magnum were incubated for 30 min with 3H-labeled amino acids (New England Nuclear Corp., 10 uCi/ml) under the culture conditions described (15) . Tissue was homogenized in the presence of detergents and centrifuged; duplicate aliquots of the supernatant were used to determine total acidprecipitable, acid-soluble, and immunoprecipitable radioactivity (14) . Immunoprecipitation was performed as before; a background value of about 0.3% of total protein synthesis (obtained using bovine-serum albumin and anti-bovine-serum albumin) was determined for each sample and subtracted from the other immunoprecipitation values (14) .
Isolation of Total Ribosomes and Polysomes. Magnum homogenates (5%, w/v) were prepared (3). For isolation of total ribosomes, 7-ml samples were layered over 4 ml of 0. time the rate of incorporation of 'H-labeled amino acids into total protein fell to a level about 1/4 that observed in the untreated chicks. These results are in sharp contrast to those obtained when administration of estrogen is stopped but no tourniquet is applied; in that case OV synthesis declines slowly, remaining detectable for 10 days after withdrawal (14) . This difference is undoubtedly due to a slow release of residual estrogen from the oil at the site of administration.
To control for the possibility that the rapid decline in OV synthesis is due to a nonspecific effect of trauma induced by the tourniquet, the experiment shown in Table 1 (group A) had no effect on egg-white protein synthesis -compared to controls, which received no tourniquet; whereas when the tourniquet was applied to the injected wing (group B), egg-white protein synthesis fell substantially. The relative rate of OV synthesis declined 13-fold during the 24-hr period, while the synthesis of two other egg-white proteins, ovomucoid and conalbumin, declined 6-and 4-fold, respectively, when the source of estrogen was cut off completely. The lower rate of isotope incorporation in group B was not accompanied by decreased radioactivity in the acid-soluble "pool," suggesting that the absolute rate of protein synthesis probably declined as well ( Table 1) . Application of the tourniquet had two other prominent effects: (i) there was a decrease in magnum wet weight, generally about 2-fold within 24 hr; (ii) the concentration of ribosomes declined ( Table 1) .
As an alternative to using a tourniquet, estrogen pellets can be implanted subcutaneously and then removed. This procedure, produced the same rapid decay of egg-white protein synthesis as applying a tourniquet (Fig. 2) . Ovalbumin, conalbumin, and ovomucoid were 42, 8.7, and 2.0%, respectively, of total protein synthesis initially (t = 0) and their synthetic rates fell nearly in parallel. The effect of removing the pellet on total acid-insoluble and -soluble radioactivity was also consistent with that observed after application of tourniquets.
Kinetics of OV mRNA Decay. Total ribosomes were isolated from the tissues used in the above experiment End OV mRNA activity was assayed in a cell-free protein-synthesizing system. The results are plotted on a semilogarithmic scale both as OV mRNA specific activity (cpm of OV synthesized per jsg of ribosomal RNA) and as total OV mRNA activity per magnum [specific activity (cpm/ug) X RNA recovery (,pg/g) X magnum wet weight (g) ]. The total mRNA activity curve (Fig. 3) declines faster than the specific activity curve because of the gradual diminution of both RNA content and magnum weight after estrogen is removed. Note that the decay curves do not follow first-order kinetics. Instead, the rate of decay accelerates with time after removal of estrogen. Thus, a tL/I value is inappropriate for describing the data.
Tangents to the curves reveal that the rate constant of degradation increased 5-to 10-fold during acute withdrawal. Similar results were obtained when OV mRNA activity was assayed after tourniquets were applied to the estrogen-treated chicks. If Fig. 3 for comparison.
Induction of Degradative Capacity. The effect of applying tourniquets to birds after shorter durations of secondary stimulation was studied. In one experiment, tourniquets were applied after 26 hr of secondary stimulation. Within 6 hr, magnum growth stopped (Fig. 4a) ; however, OV synthesis and accumulation continued to increase for 12 hr and then declined ( Fig. 4b and c) . After 24 hr with the tourniquets, the relative rate of OV synthesis was about the same as when the tourniquets were applied, whereas in birds that had been given estrogen for 4 days before the application of the tourniquets, the rate of OV synthesis declined to less than 10% of the original rate within the same time (Fig. 1) . Intermediate results were obtained when birds were given estrogen for 2 days before tourniquets were applied.
RNase Activity. To ascertain whether the unusual kinetics of mRNA degradation (Fig. 3) (0) . At the times indicated, groups of three to four birds were killed, and the magnums were incubated for 30 min with 'H-labeled amino acids as in Fig. 1 to determine the relative rate of OV synthesis. The concentration of OV (expressed per mg of wet weight) was determined as before (3). cumulation of degradative enzymes during the withdrawal period, magnum homogenates were prepared from estrogentreated birds and similarly treated birds that were subsequently withdrawn for 24 hr, and their RNase activities were compared by measuring the ability of the extracts to degrade OV mRNA in vitro (Fig. 5 ). Extracts were prepared either with or without detergent (1% Triton X-100) and then centrifuged to remove cytoplasmic organelles; samples treated with detergent presumably contain total RNase activity, including that in lysosomes, whereas those prepared without detergent should contain only soluble or "free" RNase. Fig. 5 shows that the rate of OV mRNA inactivation followed firstorder kinetics under these cell-free conditions, and that OV mRNA was stable in the absence of added homogenate. Reciprocals of the half-lives shown in Fig. 5 can be used to compare the RNase activity in each sample; 33-36% of the total RNase activity was soluble in both tissues, and during withdrawal there was a 57% increase in total RNase activity per mg of wet weight. Total RNase activity per magnum actually decreased because of the decline in magnum weight.
Effect of Withdrawal on OV-Synthesizing Polysomes. Fig. 6 shows the polysome profiles obtained from chicks stimulated with hexestrol for 4 days (a), and similarly treated chicks that were then withdrawn 10 hr (b) and 20 hr (c). During withdrawal the polysome peak (fractions 1-8) diminished and monosomes (fractions 9-10) accumulated. The relative amount and size of OV-synthesizing polysomes was determined by assaying aliquots of each fraction for OV mRNA activity. After 20 hr of withdrawal, the concentration of OVsynthesizing polysomes was reduced about 5-fold, but their Fig. 2 . Magnum polysomes were prepared from chicks given 4 days of secondary stimulation (a), similarly treated chicks that were then withdrawn for 10 hr (b), or chicks withdrawn for 20 hr (c). Aliquots (0.3 and 1.0 ml) of a 10% magnum homogenate were layered over 11.5-ml sucrose gradients and centrifuged (see Methods). Absorbance profiles were obtained from the smaller sample by pumping the gradients through a 10-mm flow cell attached to a Cary spectrophotometer. Fractions (1 ml) were collected from the larger sample, and 50-M1 aliquots were assayed for OV mR.N k activity (histogram).
DISCUSSION
During acute withdrawal there is a general involution of the oviduct that encompasses not only the cessation of egg-white protein synthesis, but also a loss of protein, ribosomes, wet weight, and eventually tubular gland cells. The avian oviduct naturally goes through cycles of active protein synthesis followed by relative quiescence, which are grossly reflected by 10-fold, or greater, changes in weight (17) . Thus, it is likely that the degradative phenomena observed under these experimental conditions are repeated in hens every time they cease laying. We studied OV mRNA during acute withdrawal primarily because it is representative of mRNAs coding for "luxury" proteins. Since the rate of OV synthesis is determined primarily by the concentration of translatable OV mRNA (2, 3) , one of the earliest indications of a change in genetic programming of tubular gland cells should be reflected in OV mRNA activity.
In this discussion mRNA degradation refers to a loss in translatable mRNA activity, which may involve only a single break or base modification, not the complete hydrolysis to nucleotides. We recognize that the two processes may be regulated differently; however, it is the former that is crucial for regulating specific protein synthesis.
The results indicate that the rate of OV mRNA degradation markedly increases during withdrawal; the apparent ty/ falls from the 24-hr value determined during steady state to about 2-3 hr after 20 hr of acute withdrawal. This observation is fundamental to our understanding of hormone action since it indicates that estrogen not only induces OV mRNA synthesis but in some way also provides an environment in which it is stable. Part of the explanation for the lack of first-order kinetics is that the rate of OV mRNA synthesis probably declines gradually as the concentration of estrogen in circulation, size distribution was only slightly smaller (Fig. 6 ).
Proc. Nat. Acad. Sci. USA 71 (1974) and ultimately in the tubular gland cells, falls below the thresh-old necessary to maintain OV mRNA synthesis. However, we would still expect a gradual approach to a constant til2 of about 24 hr, which is clearly not the case. In cell-free extracts, OV mRNA degradation follows first-order kinetics (Fig. 5) . Thus, the most likely explanation for the unusual kinetics during withdrawal is that after removal of estrogen there is a gradual accumulation of degradative factors or a gradual loss of stabilizing factors. Several reports have dealt with the degradation of OV mRNA. When it was studied in tissue culture, the conditions were essentially equivalent to withdrawal (6); hence, it is not surprising that the decay kinetics observed are similar to those shown in Fig. 3 . Chan et al. (18) reported a tl1, of roughly 10 hr for OV mRNA; this value was determined during withdrawal, but the data are insufficient to ascertain whether the decay followed first-order kinetics.
The factors that determine mRNA stability in eukaryotes are not known; thus we can only speculate about how mRNA stability might be influenced by estrogen. Several hypotheses, or their combination, could account for the increased rate of OV mRNA degradation during withdrawal.
(1) Certain RNases could be synthesized more rapidly or activated in the absence of estrogen. We did not detect a change in total or soluble RNase activity comparable with the change in the rate of mRNA degradation. However, during tissue homogenization many nucleases are liberated from their normal cellular compartments which could mask major changes in the activity of a mRNA-specific or a general nuclease in vivo. During mammary gland involution and mammary tumor regression there are substantial increases in the rate of acid RNase synthesis and its activity which occur with a few hours of hormonal withdrawal (19) , but these changes have not been correlated with the disappearance of specific mRNAs.
(2) Lysosomes could be activated in the absence of estrogen. The RNase measurements (Fig. 5) probably reflect lysosome concentration; as such they indicate that there is not a substantial increase of lysosomes during early withdrawal. However, there could be increased uptake of cell constituents into lysosomes, which would effectively increase the rate of degradation. There are precedents for this hypothesis in that vitamin A, corticosteroids, and progesterone can affect lysosomal membrane fragility and leakiness (20) (21) (22) (23) . Fig. 6 shows that there are small changes in the size of OV-synthesizing polysomes during acute withdrawal; hence, either subtle changes have a large effect on the degradation rate or those mRNAs with low ribosome packing are rapidly degraded, leaving only the large polysomes.
(b) Alternatively, mRNA-associated proteins (24, 25) might stabilize mRNA against RNase, e.g., by maintaining a certain mRNA conformation or by holding the mRNA in a protected environment. If the synthesis of these proteins depends on estrogen and if they have relatively short half-lives, then, during withdrawal, mRNAs could become more exposed to RNase. (c) Tomkins et al. (26) proposed that labile inhibitors of mRNA translation also accelerate mRNA degradation; steroid hormones are postulated to inactivate these inhibitors and thereby promote induction. As such, Tomkins' model is a sophisticated variation of this more general hypothesis. Another fact that emerged from this study that needs to be explained is that the degradative capacity accumulates during estrogen treatment, i.e., the rate of decline in OV synthesis is much faster after 4 days of secondary stimulation than after
